Abstract A simple protocol for rapid quantitation of acylcarnitines in serum and whole blood has been developed using paper spray mass spectrometry. Dried serum and whole blood containing a mixture of ten acylcarnitines at various concentrations were analyzed as spots from paper directly without any sample pretreatment, separation, or derivatization. The composition of the spray solvent was found to be a critical factor: for serum samples, spray solvent of methanol/water/formic acid (80:20:0.1) gave the best signal intensity while for blood samples which contain more matrix components, acetonitrile/water (90:10) was a much more suitable spray solvent. For the paper type and size used, 0.5 μL of sample provided an optimal signal for both serum and whole blood samples. For quantitative profiling, the limits of quantitation obtained from both serum and blood were much lower than the clinically validated cutoff values for diagnosis of fatty acid oxidation disorders in newborn screening. Linearity (R 2 >0.95) and reproducibility (RSD ∼10 %) were achieved in the concentration ranges from 100 nM to 5 μM for the C2 acylcarnitine, and for other acylcarnitines, these values were from 10 to 500 nM. Acylcarnitine profiles offer an effective demonstration of the fact that paper spray mass spectrometry is an appropriate, simple, rapid method with high sensitivity and high reproducibility applicable to newborn screening tests.
Introduction
Newborn screening for inborn metabolic errors is a wellestablished public health program. State-based newborn screening programs started 50 years ago in the USA, and more than 150 million infants have been screened [1, 2] . The screening tests and follow-up treatments allow early diagnosis and proper medical management to prevent significant and irreversible damage, such as mental retardation [3] . It has been suggested that mandatory screening be implemented using a panel of core biomarkers for 29 genetic conditions, including nine organic acidurias, six amino acidurias, five disorders of fat oxidation, three hemoglobinopathies, and six others [4] . Fatty acid oxidation (FAO) disorders are one of the most common inherited metabolic disorders, and they are associated with the complex pathways of fatty acid transport and mitochondrial oxidation. The rate for combined incidence of these disorders is 1:9,300 among live births [5] . Early diagnosis of these conditions is critical because life-threatening symptoms could occur without warning during the newborn period and through adulthood. Once diagnosed, low-fat and highcarbohydrate dietary management and long-term monitoring of serum glucose can help patients live a normal life [6] . Acylcarnitines are a group of esters derived from reaction of carnitine with fatty acids, and their most important function is to transport fatty acids across the mitochondrial membrane for fatty acid β-oxidation. Increases in certain acylcarnitines in blood of infants are indicators of deficiencies in fatty acid oxidation enzymes [7] , and they have been used as informative biomarkers to diagnose specific fatty acid oxidation disorders in patients.
Gas chromatography-mass spectrometry (GC-MS) was first used to identify acylcarnitines [8] ; since then mass spectrometry has played an important role in the analysis of acylcarnitines, and it is rapidly becoming the primary analytical technology in clinical screening. At the early stage of the development, fast atom bombardment and liquid secondary ion mass spectrometry were utilized as the main ionization methods for polar analytes with high molecular weight [9] [10] [11] . The purified samples needed for these experiments were embedded in a non-volatile liquid matrix and ionized under vacuum, representing an inconvenience in sample preparation regimen. These methods were replaced by electrospray ionization (ESI) [12] which serves as a natural interface between MS and liquid chromatography [13] . Tandem mass spectrometry (MS/MS) and isotopic dilution allow quantitative analysis of metabolites to be achieved using ESI with less sophisticated separation methods [14] [15] [16] .
Currently, flow injection ESI-MS/MS is the main technique for acylcarnitine analysis, due to low sample consumption with automated, rapid analyses and the high degree of chemical specificity achieved [17] [18] [19] . Although ESI-MS/MS analysis of acylcarnitines is claimed to take 2-3 min per sample, this does not take into account the much longer time for sample preparation [17] . For newborn screening, sample preparation includes punching out dried blood disks followed by analyte extraction and derivatization processes that are relatively labor intensive and time consuming. The recent development of ambient ionization techniques [20] has provided an alternative way to rapidly and efficiently ionize complex samples from a wide variety of surfaces with minimal sample preparation [21, 22] . Desorption electrospray ionization [23] , direct analysis in real time [24] , and many other methods [25] [26] [27] have been successfully applied to analyze pharmaceutical compounds in complex biological samples [28] [29] [30] [31] [32] . A new technique, paper spray ionization (PS) [33] has been demonstrated to be highly effective for the rapid, direct, and quantitative analysis of complex biological samples such as urine [34] , dried blood spots (DBS) [35, 36] , and tissue samples [37] . For therapeutic drug monitoring, a chemically diverse set of 15 drugs in blood was investigated, and the analytes were found to be detectable at 1 ng/mL using PS-MS [35, 38] . High precision in quantitative analysis has been achieved with isotopically labeled internal standards added directly to the samples or preprinted onto the paper spray substrate [36] .
Cellulose-based paper has been used as the standard medium for DBS in newborn screening, and a major initiative is taking place to use DBS on paper for sample collection and storage for other clinical analyses [39] . The development of direct analysis using paper spray could pave the way for fast and quantitative analysis in clinical laboratories as well as at the point-of-care with highly simplified procedures. While acylcarnitines exist in many different biological fluids, plasma or serum has been the preferred sample matrix for acylcarnitine profiling in the diagnosis of fatty acid oxidation disorders [14] . Other samples, such as bile specimens and amniotic fluid, have been used in acylcarnitine analysis for postmortem diagnosis and prenatal diagnosis, respectively [40, 41] . Analysis of acylcarnitines in samples such as urine, bile, and other biological fluids is generally not comprehensively informative, and therefore, screening of these fluids is less frequently performed except for the diagnosis of some organic acidemias in certain situations [42] . Currently, DBS on paper have become the standard method of sample storage for neonatal screening of inborn errors of metabolism [17, 18] . Analysis using dried blood spots requires small sample amounts (∼10-20 μL), so less invasive sampling techniques such as a finger or heel prick can be utilized, which is particularly advantageous for pediatric studies. Easier transport and long-term storage at ambient temperatures are additional advantages. Therefore, we have investigated the application of paper spray mass spectrometry for the rapid, direct, and quantitative analysis of underivatized acylcarnitines in dried serum and blood spot samples in this study. Quantitation of these biomarkers can be achieved in a single step leading to a potentially fast, simple, and inexpensive route for newborn screening and other clinical diagnostics.
Experimental
The instrumental setup for paper spray and the geometry of the paper substrate have been previously described [33, 34] . Briefly, Whatman grade 1 chromatography paper was cut into a triangle (5 mm base, 10 mm height, and 0.18 mm thick), in the center of which serum or blood spots containing acylcarnitine calibrators and internal standards were preloaded. For paper spray ionization, 15 μL of solvent and spray voltage optimized at 4.5 kV were applied to the paper to generate ions unless otherwise noted. All experiments were carried out using a TSQ Quantum Access Max (Thermo Scientific, San Jose, CA) with the positive precursor ion scan set to the major fragment product ion + CH 2 CH═CHCOOH at m/z 85 for each acylcarnitine. Calibration curves were constructed by plotting the ratios of signal intensities for the acylcarnitines to that of their internal standards against their theoretical concentrations.
Unlabeled acylcarnitine calibrators used included acetylcarnitine(C2), propionylcarnitine(C3), isovalerylcarnitine (C5), hexanoylcarnitine(C6), octanoylcarnitine(C8), decanoylcarnitine(C10), lauroylcarnitine(C12), myristoylcarnitine(C14), palmitoylcarnitine(C16), and stearoylcarnitine (C18), each of which was obtained from Sigma-Aldrich (St. Louis, MO). Stock solutions of standards were prepared by mixing the acylcarnitine standards in serum or blood with concentrations of 50 μM for C2 and 5 μM for all others. Samples at different concentrations were prepared with further dilution of the standard solutions for calibration. Deuterated acylcarnitine internal standards were purchased from Cambridge Isotopes Laboratories (Andover, MA, USA), including Table 1 ). The stock solution of the internal standards was prepared at concentrations of 100 μM for C2-d3, 40 μM for C16-d3, and 20 μM for other isotope-labeled acylcarnitines in methanol/water (50:50). The IS stock solution was spiked into serum or blood samples at a ratio of 1:100. The stock solutions were stored at −20°C. Methanol, acetonitrile, and formic acid were purchased from Mallinckrodt Baker (Phillipsburg, NJ, USA). Both human pooled serum and whole bovine blood stabilized with K 2 EDTA were purchased from Innovative Research (Novi, MI, USA). The serum or blood sample spiked with unlabeled acylcarnitine calibration standards and deuterated acylcarnitine internal standards, was spotted on a paper triangle, dried overnight at room temperature, and stored at −20°C before testing to avoid potential degradation of the acylcarnitines in the DBS [43] .
Results and discussion
Current newborn screening of acylcarnitines involves a derivatization step before MS analysis. All the acylcarnitines are first converted into the corresponding methyl or n-butyl esters [19] . The derivatives have a net positive charge, which is expected to prevent the formation of zwitterions during ESI so that both stability and sensitivity of the analysis are improved [44] . However, there are some problems that are associated with the process, such as incomplete derivatization or subsequent hydrolysis, in addition to the time involved in sample preparation [45] .
In this study, a simple method has been developed based on paper spray ionization to perform direct analysis of acylcarnitines without derivatization. Acylcarnitine calibration standards and their internal standards were spiked into serum or blood at concentrations within the range found in the normal population. Specifically, C2 acylcarnitine was spiked at 5 μM, and other acylcarnitines were spiked at 500 nM; the internal standards C2-d3, C16-d3, and other labeled internal standards were spiked at 1 μM, 400 nM, and 200 nM, respectively, for both serum and blood samples. Typically, 0.5 μL of sample was preloaded and dried on each triangle paper substrate to form the dried spots. After applying 15 μL spray solvent and 4.5 kV potential, fine droplets were generated at the sharp tip of the paper triangle, and the analyte ions underwent desolvation in the gas phase and were analyzed by MS/MS. Since a common product ion at m/z 85 was generated through CID for all the acylcarnitines by the loss of the acyl side chain, the precursor ion scan mode [46] was selected to monitor the intensities of all the acylcarnitines and internal standards simultaneously in a single scan. The spectrum recorded for a dried serum spot is shown in Fig. 1a . Interestingly, a trend of increasing intensities was observed for the C3 to C16 acylcarnitines. This presumably is due to the surfactant effect associated with increasing hydrophobicity previously observed for ESI of the pure analytes [47] . This serum trend was not observed for blood samples (Fig. 1b) . The sample matrix in blood is much more complex, and the hydrophobicity effect might be suppressed by other matrix effects. Nevertheless, the acylcarnitines and the internal standards could all be observed readily in both dried serum and dried blood samples using paper spray.
In the analysis of the acylcarnitines for inborn errors of fatty acid oxidation, the profile of all acylcarnitines, instead of an individual acylcarnitine, is the most reliable diagnostic measurement. Quantitative analysis of a single biomarker in blood samples, such as a drug compound, has been previously achieved using paper spray with selected reaction monitoring [33] . Good sensitivity and precision were obtained provided an internal standard was added to the samples. In this study, we explored a group of five selected internal standards for simultaneous quantitation of a panel of ten acylcarnitine biomarkers using parent ion scans. Even though acylcarnitines are chemical analogues, the acyl group side chain varies in both length and structure, which affects their ionization efficiency during MS analysis. In addition, different biological fluids have different components that can affect the extraction and ionization efficiency of the acylcarnitines during paper spray analysis. As a result, the paper spray conditions were optimized to improve the ionization efficiency for all of the acylcarnitines in order to maximize the range over which quantitation could be performed. The solvent chosen for the paper spray has been shown to have a significant impact on the extraction of the analytes and the ionization efficiency [37, 48] . Methanol/water solvents have been shown to be generally applicable to the analysis of many types of samples [33] and were used in the initial trials of analyzing acylcarnitines in serum and blood. Stable signals were obtained for all acylcarnitines at the highest concentration; however, the signal intensity dropped quickly and standard deviations increased as the concentration of acylcarnitines decreased. The response was not linear in the concentration range we tested, especially for shortchain acylcarnitines. After adding 0.1 % formic acid to methanol/water (80:20), the signal became much more reproducible, the intensity increased by three to ten times, and the concentration dependence was much more linear (data not shown). Thus, excepting methanol/water (80:20), three spray solutions, methanol/water/formic acid, acetonitrile/ water, and acetonitrile/water/formic acid, were systematically compared and the results are shown in Fig. 2 . For dried spots prepared with 0.5 μL serum sample containing C2 at 5 μM and other acylcarnitines at 500 nM (Fig. 2a) , the trend of increasing intensity from short chain to long chain (C3 to C16) was observed for all three solvents. Higher intensities were obtained for C2 to C6 for methanol/water/formic acid (80:20:0.1) and acetonitrile/water/formic acid (80:20:0.1) compared with those observed for acetonitrile/water (80:20). Significantly higher intensities were obtained for C10 to C18 with methanol/water/formic acid (80:20:0.1) Fig. 1 Precursor ion scans of acylcarnitine in a dried serum spot and in b dried blood spot using PS-MS. Acylcarnitine calibration standards are labeled in red (C2, 5 μM; other acylcarnitines, 500 nM), and internal standards are labeled in blue (C2-d3, 1 μM; C16-d3, 400 nM; other internal standards, 200 nM) with two-to four-fold increases over the other two solvents, so methanol/water/formic acid solvent was chosen as the best solvent for serum samples. However, for blood samples containing the acylcarnitines of the same corresponding concentrations (Fig. 2b) , acetonitrile/water solvent gave much higher intensities for all the acylcarnitines except for C3 making acetonitrile/water the most suitable solvent for blood analysis.
To further optimize performance, the concentrations of the spray solvent components were varied for the serum and blood samples. For analysis of serum spots, the concentration of methanol in the methanol/water/formic acid solvent was varied, and the impact on the intensities of acylcarnitines with acyl group side chains of different length was monitored. The intensities for each acylcarnitine were normalized and plotted as a function of the percentage of methanol. Data for C2, C5, C8, and C16 are shown in Fig. 2c as representatives of short-, medium-, and longchain acylcarnitines. It was found that the variation of the proportion of methanol in the solvent has a much more dramatic impact on the longer-chain acylcarnitines than those with short side chains. Solvent with 80 % methanol-20 % water was found to be optimal for the entire set of acylcarnitines. Similar optimization was performed for analysis of blood spots by varying the concentration of acetonitrile in the acetonitrile/water solvent. The optimal concentration of acetonitrile was determined to be 90 % when considering all the acylcarnitines, and relatively small differences were observed with variation of the acyl side chains (Fig. 2d ). In the experiments described below, the spray solvents of methanol/ water/formic acid (80:20:0.1) and acetonitrile/water (90:10) were used for serum and blood dried spots, respectively.
The sample load is another factor found to influence the performance of paper spray [48, 49] . As the sample load increases, the intensities of the analyte peaks should increase; however, matrix effects can also become more serious and suppress the signal, so there is a tradeoff to be considered to set the optimal sample load. For the triangle paper substrate (5 mm base, 10 mm height, and 0.18 mm thickness) used in this study, different volumes of serum and blood samples, of 0.25, 0.5, 1, and 2 μL, were each spotted and dried in the center of the triangular substrate. The concentrations of acylcarnitines and internal standards were the same as in the above experiment. A fixed volume of 15 μL spray solvent was applied. The observed intensities were normalized with the maxima, and representative data are shown in Fig. 3 for C2, C5, C8, and C16. A relatively consistent trend in intensity as a function of sample load was observed for all acylcarnitines in blood samples, with an optimal sample load identified as 0.5 μL. However, there Fig. 2 Effect of different solvent compositions for acylcarnitine analysis in serum and in blood; 80 % methanol with 0.1 % formic acid (blue, circles), 80 % acetonitrile with 0.1 % formic acid (red, squares), and 80 % acetonitrile (green, triangles) were tested for a serum and b blood samples. The effect of organic solvent percentage for acylcarnitine analysis was further investigated, by varying the percentage of methanol from 60 to 100 % with 0.1 % formic acid for serum sample (c), while the percentage of acetonitrile was varied from 60 to 100 % without adding acid for the blood sample (d) was no obvious trend observed for serum samples. As the sample load increased, C2 intensity stayed steady, C5 and C8 decreased, and C16 increased. The sample load of 0.5 μL was selected for both blood and serum samples in the following characterization of quantitation of acylcarnitines by paper spray.
Quantitation of acylcarnitines was performed by analysis of dried serum and blood spots, each containing a mixture of acylcarnitine calibration samples, with C2 from 100 nM to 5 μM and the longer chain compounds from 10 to 500 nM. Isotopically labeled internal standards of fixed concentration (C2-d3, 1 μM; C16-d3, 400 nM; other internal standards, 200 nM) were spiked into the liquid serum or blood prior to spotting them on paper. The peak ratios of representative short-, medium-, and long-chain acylcarnitines (C2, C5, C8, and C16) relative to the corresponding internal standard (Table 1) were plotted as a function of their theoretical concentrations (Fig. 4) . Good linearity was obtained for all the curves within the concentration range of 50 times, with a correlation coefficient better than 0.95 and a relative standard deviation of replicate measurements less than 10 % (n04).
As a result of a worldwide collaborative project, new cutoff target ranges were published in 2011 for newborn screening of typical metabolic disorders using tandem mass spectrometry [50] . Cumulative percentiles of acylcarnitines for normal and fatty acid oxidation disorder ranges were clinically validated in dried blood spots of approximately 25-30 million normal newborns, with 10,742 identified as true-positive cases. These data were used as the reference to evaluate paper spray mass spectrometry for acylcarnitine screening, and the results are shown in graphical form in Fig. 5 . The shaded area in blue indicates the range for a majority of the normal population and is edged with the dotted lines in green and red at the 1st and 99th percentile cumulative percentiles of normal acylcarnitine species, respectively. This means that only 1 % of the normal population falls below the green dotted line while 99 % of the normal population is covered by the red dotted line. In most cases of fatty acid oxidation disorder, the concentrations of one or more acylcarnitines are elevated [19] . Specific types of disorders can be identified based on the profile of elevated acylcarnitines, which is related to the deficiency or dysfunction of the corresponding enzymes. Therefore, the 99th percentile cumulative values are set as the cutoff for fatty acid oxidation disorder diagnosis in the clinic. For all the acylcarnitines analyzed in serum and blood samples using paper spray, the limits of quantitation (LOQs) obtained from calibration curves were much lower than the 99th percentile cumulative value of the normal ranges (Fig. 5) . No significant differences in LOQs were found between serum and blood samples. This performance assures that paper spray mass spectrometry is sensitive enough for acylcarnitine profiling for clinical diagnosis of fatty acid oxidation disorders in both serum and blood spots.
Conclusions
A simple protocol for quantitatively profiling acylcarnitines in serum and whole blood was developed using paper spray mass spectrometry. Dried serum and whole blood sample spots containing a mixture of ten acylcarnitines at various concentrations were analyzed directly without any sample pretreatment, separation, or derivatization. The quantitation of all the acylcarnitines was achieved using deuterated internal standards and serum or blood sample volumes as low as 0.5 μL. The composition of the spray solvent and the sample load was found to be a critical factor for high-performance paper spray of acylcarnitines. For quantitative profiling, the limits of detection obtained from both serum and blood are much lower than the clinically validated cutoff value, and acceptable linearity (R 2 >0.95) and good reproducibility (RSD, ∼10 %) were achieved in the concentration ranges tested. PS-MS has the potential to be a new technique to rapidly assess acylcarnitine analysis in newborn screening.
While the promising capability of paper spray has been shown here for the clinical diagnosis with acylcarnitines as biomarkers, further development is necessary to address several critical issues for practical implementation. Simple sample handling without traditional laboratory techniques such as pipetting for taking samples of accurate amounts and mixing internal standards would be very valuable. The use of capillary tubes for transferring accurate amounts of blood samples onto the paper substrate containing preprinted internal standard has been shown to be effective [36] , while other methods such as using capillaries with precoated internal standards remain attractive and are being explored [51, 52] . In this study, human pooled serum and whole bovine blood were used as the matrices, without testing relative matrix effects potentially caused by the differences among the blood samples from individuals. However, this is not expected to be problematic based on the results from a previous study on the quantitation of therapeutic drugs, where the relative matrix effects were found to be minimum [35] . Fig. 5 Limit of quantitation of acylcarnitines in serum and in blood using PS-MS. The shaded area in blue indicates the majority of acylcarnitine range for the normal population. The dotted green line at the bottom is the first percentile cumulative values of normal acylcarnitine species, and the dotted red line at the top is the 99th percentile cumulative values of normal acylcarnitines, which is also the cutoff for FAO disorder diagnosis in the clinic. Blue squares show the limit of quantitation of acylcarnitines in serum, and red diamonds are the limit of quantitation of acylcarnitines in blood. The data of C2 were zoomed out 30 times, and the data from C5 to C14 were zoomed in ten times 
